To broaden and delve into the genomic information of Clausena excavata, an important medicinal plant in many Asian countries, RNA sequencing (RNA-seq) analysis was performed and a total of 16,638 non-redundant unigenes (≥ 300 bp) with an average length of 755 bp were generated by de novo assembly from 17,580,456 trimmed clear reads. The functional categorization of the identified unigenes by a gene ontology (GO) term resulted in 2305 genes in the cellular component, 5577 in the biological processes, and 8056 in the molecular functions, respectively. The top sub-category in biological processes was the metabolic process with 4374 genes. Among annotated genes, 3006 were mapped to 123 metabolic pathways by the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway analysis tool. The search for simple sequence repeats (SSRs) resulted in 845 SSRs from 749 SSR-containing unigenes and the most abundant SSR motifs was AAG/CTT with 179 occurrences. Twelve SSR markers were tested for cross transferability among five Clausena species; eight of them exhibited polymorphism. Taken together, these data provide valuable resources for genomic or genetic studies of Clausena species and other relative studies. The transcriptome shotgun assembly data have been deposited at DDBJ/EMBL/GenBank under the accession GGEM00000000.
Introduction
Clausena excavata Burm. f. is a perennial shrub and distributed widely in Southeast Asia, where it is well known as a medicinal plant. It has high antioxidant properties, which are very tightly correlated to the ability to reduce oxidative damage and to inhibit inflammatory conditions by scavenging Doo Young Bae, Sang Mi Eum, and Sang Woo Lee have contributed equally to this work.
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133 Page 2 of 10 free radicals (Khanna et al. 2007) . C. excavata has the highest antioxidant activities among the genus Clausena, because it contains the highest quantity of phenolic compounds and other pharmacologically active compounds such as furanocoumarins (Ito et al. 2000) , flavonoid glycosides (He et al. 2000) , and carbazole alkaloid (Sunthitikawinsakul et al. 2003b) . The leaves and stems of C. excavata have long been used as folk medicine for various disorders such as cough, wounds, fever, headache, and detoxification. Recent studies reported that the extract of C. excavata also had various activities including antibacterial (Sunthitikawinsakul et al. 2003a) , antifungal (Kumar et al. 2012) , antiplatelet (Wu et al. 1994) , antitumor (Sharif et al. 2011) , and anti-HIV-1 properties (Sunthitikawinsakul et al. 2003a) .
Despite the important use of C. excavata as folk medicine, its genomic studies have been carried out poorly. Thus, there are very limited sequences available for phylogenetic and population studies. To date, only a handful of DNA and RNA sequences of C. excavata can be found in the NCBI database and most of them are DNA barcode markers from phylogenetic and population studies of other plant species, in particular the genus Citrus of the Rutaceae family. Available barcode marker genes include chloroplast DNA markers such as maturase K gene, ribosomal protein S4 (Bayer et al. 2009 ), tRNA-Leu (Bayer et al. 2009; Morton et al. 2003) , and ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (Chen et al. 2010) . However, there are a few genomic markers from the nucleus. Since C. excavata is an important medicinal plant and contains high quantity of phenolic compounds, the addition of more genomic resources can be used to study not only for distinguishing Clausena species of the Rutaceae family but also for drug discovery.
With the advent of next-generation sequencing (NGS) technologies, whole genome and RNA-seq transcriptome sequencing can be conducted rapidly and cost-effectively. Thanks to the aid of such new sequencing technologies, genomic studies on non-model organisms that have not been studied in the past have become achievable (Lee et al. 2015) . Medicinal plants are not the exception for genomic studies any longer. Recently, the RNA-seq transcriptome analyses of several medicinal plants were reported (Kotwal et al. 2016; Tang et al. 2014; Loke et al. 2016; Rai et al. 2016) , revealing gene structure, gene expression, genomic features, and SSR distribution. Therefore, RNA-seq analysis was performed to broaden genomic resources and to explore the genomic features of C. excavata. In addition, SSR distribution and accumulation were examined from C. excavata transcriptome data. To our knowledge, this study presents the first whole transcriptome data from the genus Clausena, which would be valuable not only for genetic studies but also for understanding the medicinal characteristics and underlying mechanisms of Clausena spp.
Materials and methods

Plant materials
To perform the RNA-Seq analysis the fresh leaf tissues of C. excavata Burm. f. were collected from Vinh Phuc province, Vietnam during August 2015, and dumped into liquid N 2 immediately after harvest. Samples were carefully transferred into RNAlater solution by following the manufacturer's instructions (Ambion Ins, USA) for long-term storage. To examine the genetic variations among Clausena species, five Clausena species were used in this study (Table 1 ). All plant materials were from dried voucher specimens in a herbarium at the International Biological Material Research Center (IBMRC) of the Korea Research Institute of Bioscience and Biotechnology, Daejeon, Republic of Korea. The voucher specimens were deposited from Ghana, Laos, Bangladesh, China, and Vietnam (Table 1) .
Preparation of libraries for RNA-Seq
The frozen samples were grounded with a pestle and mortar using liquid N 2 to isolate total RNA using a TRIzol reagent according to the instructions of the manufacturer (ThermoFisher Scientific, Seoul, Korea). The total RNAs were checked using an RNA Pico Chip on the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) to estimate the relative purity and concentration. A 10 μg of the total RNA was used for mRNA isolation using oligodT beads and sheared randomly for the preparation of the Illumina RNA-seq library. The sheared mRNAs were used to generate a cDNA library, followed by the adapter ligation at 3′ A overhang for a Illumina Hiseq 2500 analysis. The quality of cDNA library was checked by an Agilent DNA 1000 chip (Agilent Technologies, Santa Rosa, USA), and then sequencing was performed using the Illumina Hiseq 2500 (Illumina, USA). The processing of fluorescent images into sequences, base-calling, and quality value calculations were performed using the Illumina data processing pipeline (version 1.8).
Annotation and gene ontology (GO) analysis
For annotation, the raw reads were filtered by removing the adapter sequences, empty reads, low-quality reads, and reads with less than a Phred quality score of 20 using NGS tool kits and Ion-Torrent server as described previously (Jung et al. 2016) . To increase gene identification efficiency, transcriptome de novo assembly was conducted using three assemblers, CLC Genomics Workbench (ver. 3.7.1), Velvet-Oases (ver. 1.1.04-ver. 0.1.21), and Trinity (release 20110519) with various k-mer lengths. A default k-mer value (25-mer) was used for the assembly with CLC (Moreton et al. 2014) . For the assembly by Velvet-Oases and Trinity, different k-mer values were applied to obtain the best results from 21 to 79 for Velvet-Oases (Moreton et al. 2014; Schulz et al. 2012 ) and 25 to 33 for Trinity (Wang and Gribskov 2017) . All transcripts by each assembly tool at various k-mer values were merged separately by each assembly tool for further process. As Oases does not cluster assembled contigs, CD-HIT-EST was used to cluster the contigs with an identity more than 90% and coverage of 100% (Li and Godzik 2006) . All resulting data sets were merged into a single assembly by collapsing identical or near-identical contigs into single unigenes using CD-HIT-EST. Then, unigenes were annotated by running BLAST with a cut-off E value of 10 −6 against the NCBI non-redundant (NR) protein database (http://www.ncbi.nlm.nih.gov). Blast2GO was used to obtain GO annotation of unigenes based on the BLASTX hit against a NR database with a cut-off E value of 1.0e−6 (Conesa et al. 2005) . The obtained GO terms were classified using WEGO software (Ye et al. 2006 ).
DNA isolation
Genomic DNA was extracted from silica dried leaves or herbarium specimens using the DNeasy Plant Mini Kit (Qiagen, Seoul, Korea) according to the manufacturer's protocol. DNAs were first evaluated on agarose gel and further confirmed by the PCR amplification of the nuclear ribosomal internal transcribed spacer region using the universal DNA barcode primers, ITS4 (White et al. 1990 ) and LEU1 (Vargas et al. 1998) .
SSR mining and sequence comparison
A total of 16,638 C. excavata unigenes generated by de novo assembly from the RNA-seq data were used for SSR mining. SSR detection and primer design were conducted using the Standalone EST Microsatellite Mining and Analysis Tool, SEMAT (Asari et al. 2014 ). SSRs of mono-to hexa-nucleotide repeats with a minimum of five repeats and 12 bp were identified and analysed. For SSR confirmation, 50 SSRs were randomly selected, and their flanking primers were used for PCR amplification. PCR reaction was performed in a 25 μL reaction volume containing 50 ng of genomic DNA, 0.2 μM of each forward and reverse SSR primer (Supplemental Table S1 ), and 0.25 unit of Ex-Taq DNA polymerase (Takara, Seoul, Korea) under the following conditions: an initial denaturation at 95 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 30 s, annealing at 56 °C for 30 s, polymerization at 72 °C for 30 s, and a final extension at 72 °C for 3 min. The PCR products were verified in 5% agarose gel. SSR primers that produced PCR products of expected size were further used to study SSR transferability among five Clausena species.
To compare variations in genic regions of five Clausena species, four SSR primers (ctg120, ctg924, and ctg1797, ctg6135; Supplemental Table S1 ) that produced monomorphic PCR products in all species were selected, and their PCR products were sequenced. Because sequencing of PCR products from ctg6135 primer set failed, obtained sequences from three SSR primer pairs (ctg120, ctg924, and ctg1797) were cleaned, combined into one single sequence, and used for sequence comparison among five Clausena species using the Molecular Evolutionary Genetics Analysis (MEGA7) software (Kumar et al. 2016) . A dendrogram was reconstructed using the UPGMA method with maximumcomposite likelihood and 1000 bootstrap replications using MEGA7 software.
Results
Sequencing and de novo assembly
A total of 20,697,088 raw sequence reads with a length of 2,607,833,088 bp were generated from the pairedend sequencing using the HiSeq 2500 platform (Illumina, FC-401-4003). After removal of the low-quality reads, 17,580,456 trimmed clear reads with a length of 2,143,847,087 bp were used for de novo sequence assembly, which resulted in 16,638 assembled unigenes with an average length of 755 bp. The total length of all unigenes was 12,557,892 bp with 43.7% of GC content, and the longest unigene was 4065 bp. The most abundant unigenes, 3451 (20.74%), were found between 300 and 400 bp range, followed by 2415 (14.52%) between 401 and 500 bp, 1923 (11.56%) between 501 and 600 bp, 1604 (9.64%) between 601 and 700 bp, 1268 (7.62%) between 701 and 800 bp, and 1117 (6.71%) between 801 and 900 bp (Fig. 1) . More than 50% of the genes belonged between 300 and 700 bp.
Sequence annotation
For annotation, 16,638 assembled unigenes were searched for similarity against the NCBI non-redundant (NR) protein database (http://www.ncbi.nlm.nih.gov). Among assembled unigenes, 16,101 genes exhibited a significant similarity to proteins from other organisms, but 537 genes were not similar to other known proteins. Among the annotated genes, 11,680 genes (70%) were similar to proteins from Citrus sinensis, 1198 genes (7%) to proteins from Theobroma cacao, and 451 (3%) genes to proteins from Populus euphratica (Fig. 2) .
Functional classification of unigenes by GO analysis
From the GO analysis, a total of 2305 genes were classified into cellular component, 5577 into biological processes, and 8056 into molecular functions. The majority of genes in the molecular function were classified into two categories ( Fig. 3 ): catalytic activity with 4128 genes (39.5%) and binding with 5209 genes (49.9%). Among the biological processes, the top three categories were the metabolic process with 4374 genes (33.2%), cellular process with 3729 (28.3%), and single-organism process with 2454 (18.6%). The top four categories with the most genes in the cellular component were the cell component with 1445 genes (33.8%), membrane with 1092 (25.5%), organelle with 923 (21.6%), and macromolecular complex with 712 (16.6%), respectively (Fig. 3) .
Analysis of genes involved in metabolic pathway
Since C. excavata has been well known to contain pharmacologically active compounds including various phenolic compounds, a search for genes involved in the biosynthesis of secondary metabolites was attempted through KEGG metabolic pathway analysis tool. Dozens of genes were found to be involved in biosynthetic pathways or metabolism of terpenoid, ubiquinone, and riboflavin (Table 2) . Twenty-three genes were identified to be involved in terpenoid backbone biosynthesis, followed by ten genes in riboflavin metabolism, and three genes in ubiquinone biosynthesis (Table 2) . A further in-depth analysis of these genes would assist with the understanding of the biosynthesis of various pharmaceutical compounds in C. excavata.
SSR mining and distribution of SSR motif types
The search for perfect SSRs that were longer than 12 bp identified 845 SSRs. The number of SSR-containing unigenes was 749, of which 47 contained more than one SSR. Among the SSRs identified, the most abundant motif types were tri-nucleotide repeats with 659 (78%), followed by diand mono-with 116 (13.7%) and 53 (6.3%), respectively ( Table 3) . The most abundant mono-nucleotide repeats were A/T repeats with 51 SSRs, which were significantly higher than C/G repeats with only two occurrences. The AG/CT repeats exhibited the highest occurrence among di-nucleotide repeats, while the most abundant tri-nucleotide repeats were AAG/CTT repeats with 179 occurrences, followed by ATC/ATG repeats with 117 occurrences (Table 4) .
Cross-amplification and genetic relationships of five Clausena species
The primer 3 that were integrated into SEMAT-32 program generated 551 primer sets from 749 SSR-containing unigenes. The primer sets were 10, 47, 491, and 3 for mono-, di-, tri-, and ≥ tetra-nucleotide SSRs, respectively (Table 3) . Fifty primer sets were randomly selected from -500 1,000 1,500 2,000 2,500 3,000 3,500 300~400 401~500 501~600 601~700 701~800 801~900 901~1000 1001~1100 1101~1200 1201~1300 1301~1400 1401~1500 1501~1600 1601~1700 1701~1800 1801~1900 1901~2000 >=2001 No. of unigenes Sequence length (bp) Length distribution of unigenes the di-and tri-nucleotide SSRs (Table 3; Supplementary  Table S1 ) and examined for PCR amplification using the genomic DNA of C. excavata. Among them, 37 sets produced PCR products, 21 with PCR products of nonspecific or unexpected size, and 16 of an expected size (Supplemental Table S1 ). Among the 16 primer pairs that produced expected PCR products, 12 were used to amplify the PCR product for five Clausena species, C. anisata, C. harmandiana, C. heptaphylla, C. lansium, and C. excavata (Table 1 ). All 12 primer pairs gave cross-amplification for three of Clausena species, C. harmandiana, C. lansium, and C. anisata, whereas only seven primer sets were successful with amplifying the PCR products for C. heptaphylla. Among the 12 SSR primer sets, polymorphism was detected in 8 primer pairs: ctg1411, ctg2564, ctg4770, ctg5884, ctg2725, ctg4029, ctg1961, and ctg906 (Table 5 ). The polymorphism information content (PIC) values were calculated based on the formula, Botstein et al. 1980 ). The PIC value varied from 0.21 for ctg2564 to 0.43 for ctg5884 (Table 5) . To compare a difference in genic regions among five Clausena species (Table 1) , three different SSR primers, ctg120, ctg924, and ctg1797, were used to amplify genic regions that encode endoplasmic reticulum membrane protein-like, reticulon-like protein B2, and protein IRX15-LIKE-like, respectively (Supplemental Fig. S1 ). PCR fragments from the three primer pairs were sequenced. Trimmed sequences were combined as one single sequence (Supplemental data) and used for analysis of variations in genic regions of five Clausena species and two Citrus species, Citrus clementina and Citrus sinensis. Sequence alignment of genic regions revealed various nucleotide changes among tested Clausena species (Supplemental Fig. S1 ). In dendrogram, genic regions of five Clausena species were grouped together, but showed distinct separation from Citrus species (Fig. 4) . Genic regions of C. excavata showed a close relationship with C. harmandiana among tested Clausena species (Fig. 4) .
Discussion
RNA-seq has become increasingly popular in various fields of medicinal plant transcriptome research. Metabolic pathway analysis of medicinal plants and molecular marker development for molecular breeding has been accelerated through RNA-seq transcriptome analysis (Hao et al. 2012) , though most medicinal plants including C. excavata still have limited genomic resources available for in-depth studies. Most parts (e.g., leaf, root, flower, and stem) of C. excavata are used for various medicinal purposes (Arbab et al. 2012) , and in the present study, whole transcriptome analysis of C. excavata was conducted using leaf samples by RNAseq sequencing technology and bioinformatics tools. A total of 16,638 unigenes were assembled from ~ 2.14 Gb trimmed RNA-seq sequences. Among them, 16,101 unigenes were annotated by showing significant similarity to other proteins in the NCBI non-redundant (NR) protein database. Most of the annotated unigenes (11, 680) were substantially similar to the proteins of Citrus sinensis, which can be explained by the fact that both the genus Citrus and the genus Clausena belong to the Rutaceae family. The total number of unigenes identified from C. excavata is less than those in Arabidopsis, rice, and popular, in which the number of coding genes was reported as being ~ 26,500, ~ 41, 000, and 45,000, respectively (Sterck et al. 2007 ). The number of identified genes of C. excatava ranged from ~ 30 to ~ 77% compared to those found in the RNA-seq data of crops, Zea mays, Glycine max, Capsicum annuum, and Helianthus annuus (Garcia-Ortega and Martinez 2015) . In addition, it was lower than the number of genes identified from RNA-seq analysis of other medicinal plants such as Plantago ovata and Isatis indigotica. In Plantago ovata, a total of 46,955 unigenes were identified, of which 28,160 genes were annotated (Kotwal et al. 2016) . In Isatis indigotica, a total of 33,238 unigenes were assembled, of which 28,184 unigenes were annotated (Tang et al. 2014) . It is known that numerous genes express only temporally or spatially, so the number of expressed genes can range based upon when or what sample was collected and used. In addition, some transcripts would be very difficult to detect due to their low expression level. Recently, it was reported that the ratio of undetected coding genes in RNA-seq analysis ranges from 6% on average to 25% maximum (Garcia-Ortega and Martinez 2015).
In Citrus, many SSRs were identified from the EST database Luro et al. 2008) , BAC end sequence (Ollitrault et al. 2010) , and genome sequence (Liu et al. 2013) . These Citrus SSRs were used to investigate phylogeny or interspecific transferability among Citrus species and its close relatives. However, no SSR markers have been reported from the genus Clausena to date. In the present study, SSR markers were developed first from C. excavata, and 12 SSR markers were used for cross transferability in five Clausena species (Table 1) . Among them, eight SSR markers exhibited polymorphism (Table 5 ). In addition, the PCR fragments from the SSR markers, ctg1797, ctg924, and ctg120 (marked by asterisks; Table 5 ) of five Clausena species were sequenced and used to examine variations in genic regions. Genic regions of C. excavata and C. harmandiana have a close relationship among five Clausena species (Fig. 4) , which is consistent with the previous observation reported by Samuel et al. (2001) . In that study, non-coding sequences of atpB/rbcL intergenic spacer region were compared among six Clausena species including both C. excavata and C. harmandiana, in which C. excavata and C. harmandiana exhibited a close relationship (Samuel et al. 2001) .
Medicinal plants contain invaluable molecules with therapeutic potential, and thus, they are an important pool for the identification of new drug candidates (Atanasov et al. 2015) . Most Clausena species as medicinal plants contain various therapeutic metabolites. It has been reported that C. excavata has the highest medicinal activities in anticancer, antioxidant, antimicrobial, antiinflammatory, and antimalarial tests among six Clausena species including C. anisata, C. lansium, and C. harmandiana (Arbab et al. 2012) . Genes involved in the metabolite biosynthesis from the RNA-seq analysis of C. excavata were searched and 36 genes involved in riboflavin, terpenoid, and ubiquinone metabolic/biosynthetic pathways were found (Table 2 ). Among them, 13 genes are involved in the biosynthesis or metabolism of riboflavin and ubiquinone, which have an antioxidant activity (Table 2) . However, a limited number of genes that are involved in secondary metabolite biosynthesis were identified in the present study. Therefore, to unravel the details of secondary metabolite biosynthesis pathways, more transcriptome analysis and confirmation of genes involved in such pathways are desired in the future.
Conclusion
In the present study, RNA-seq was conducted to delve into the genomic information of C. excavata. A total of 16,638 unigenes were generated by de novo assembly. Among them, 16,101 unigenes (96.8%) were annotated, of which 70% were substantially similar to the proteins of Citrus sinensis. SSR mining discovered 845 SSRs from 749 unigenes. Twelve SSR markers were used to investigate the cross transferability among five Clausena species, most of which showed successful cross-amplification. Additional genomic and SSR information of C. excavata will serve as a valuable genomic resource. C. anisata Ghana C. lansium China C. harmandiana Laos C. excavata Vietnam C. heptaphylla Bangladesh Citrus clementina Citrus sinensis Fig. 4 UPGMA dendrogram using the genic regions from the five Clausena and two Citrus species. The dendrogram was reconstructed by the UPGMA method based on genic regions amplified from the five Clausena species using three SSR primers. Two Citrus species were used as the outgroup and their corresponding sequences (XP_006477474.1: Endoplasmic reticulum membrane protein-like; XP_006476478.1: Reticulon-like protein B2, and XP_006487028.1: Protein IRX15-LIKE-like) were retrieved from the NCBI database. Tree was shown with the percentage of replicate trees with 1000 bootstrap replications
